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Abstract 
The purpose of this paper is to study the effect of cutting parameters such as speed, feed and rake angle on the chip formation 
mechanism and the main cutting force by simulating an orthogonal cutting operation on a testing apparatus based on a split 
Hopkinson pressure bar. This device can produce two chips on either sides of the specimen. Cutting tests were carried out on four 
different materials at different speed feed and tool geometry. Microstructural observations of the chips produced show a change 
in the morphology of the chip in accordance with the increase of the cutting speed. The chip presents instabilities by adiabatic 
shearing, without any doubt. It changes from a continuous chip to indented one and to completely sheared off. The Appearance of 
shear band in the case of indented and completely sheared chip is probably due to strain localization accompanied by a large local 
growth of the temperature which is a necessary condition to have adiabatic shearing. This phenomenon might be desirable in 
reducing the level of the cutting forces and by improving chip’s evacuation especially in automatic production of parts. Similar 
results are obtained by [1] [2] [3] [4] [7]. Cutting force shows a decrease versus the cutting speed. This decrease is more 
important for larger feeds. The increase of the cutting angle from 5 to 15 ° also causes a reduction of the cutting force that 
evolves asymptotically. With high cutting speeds, the energy of plastic deformation in the primary zone of the chip formation is 
transformed  mainly in  heat which causes a thermal softening which outweighs the hardening generating  therefore a reduction in 
the cutting force; these results are in accordance  with those obtained by [5] [7]. 
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1. Introduction 
The interest in the study of high-speed machining is well established nowadays. The economic impact on the 
aviation and automobile industries justifies the increasing number of studies dedicated to this area. Several 
technological innovations such as the development of new generations of machine tools equipped with active 
magnetic bearings to achieve rotational frequencies up to 80,000 trs.min-1, new tools such as nitride cubic boron 
NBC and some high ceramic capable of machining with cutting speeds and temperatures with moderate wear have 
emerged over the past three decades. High speed milling of 2024 Aluminum alloy for example, showed a significant 
improvement in productivity, a significant reduction in the cutting force and a fairly good surface integrity. 
However, this area is still to be developed in light of the number of materials with different mechanical properties 
and the diversity of cutting operations. The definition of the high-speed machining is  still not clear; cutting speeds 
considered "large" for a material can remain conventional  to another one , and for the same material boundaries 
between conventional cutting and high-speed cutting still depends on the technology (turning, milling ...). Few 
results and databases are available; expensive testing machines prompted researchers to seek alternative testing tools 
such as gas guns based on modified Hopkinson bar to simulate orthogonal cutting operation to cutting speeds up to 
50m/s at relatively low costs. 
 
Nomenclature 
Vc: Cutting Speed (m/s)   
ap: Depth of cut (mm)  
f: Feed (mm) 
γ: Rake angle (°Celsus) 
α: Clearance angle (°Celsus) 
Kr: Cutting edge angle (°Celsus) 
L: Length of specimen of specimen (mm) 
σrt: Ultimate tensile Stress (MPa) 
σet: Elastic tensile Stress (MPa) 
A: Elongation (%) 
E: Young Modulus (Mpa) 
ρ: Density (g/cm3) 
c:Spécifique heat (J/g.°C) 
K:Thermal conductivity Kcal/(cm.S.°C) 
σi: Incident stress wave 
σr: Reflected stress  
σt: Transmitted stress wave 
2. Experimental device 
2.1. Design of experimental machining device 
To simulate orthogonal cutting operation on a SHPB device, we first looked closely at the issues raised and the 
results of similar studies [1], [2], [3], [4], [7]. After several designs and qualification testing, we used the device 
shown in Fig. 2. This device is inserted between the incident bar and the transmission of the SHPB Fig. 1. 
We overcame several difficulties generally encountered in this situation namely: 
x Machined surface smooth and straight 
x Constant feed 
x Minimization discontinuities in the shape of the parts constituting the device to avoid problems of stress 
wave reflection 
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x Limitation of vibrations by decoupling the tool holder and the sample holder of the incident bars and 
transmission. Indeed, the length of bars is large relatively to their diameter, which makes them sensitive to 
bending and vibrations occur in spite of a large number of guide bearings 
x Concordances of the results with those of the literature. 
2.2. Operating the S.H.P.B device 
Set of three bars perfectly aligned freely slidable in guide bearings. A projectile (impact bar) impacts the input 
bar and generates a pressure wave that will propagate to the cutting device positioned between the measuring bars 
(incident and transmission) and generates two chips on either side of the sample. Two set of full bridge strain gages 
mounted on the two bars are connected to a data acquisition system to record the incident strain wave, the reflected 
and transmitted one (σi, σr, σt). Signal processing of these three waves allows us to obtain the variation of the cutting 
force versus time for various test parameters (cutting angle, cutting speed, feed). 
 
 
Fig. 1. High speed machining air gun device. 
Fig. 3 shows the sample size, the cutting parameters such as the feed and the depth of cut in orthogonal cutting. 
One can easily see that we are in plane strain, the case of orthogonal cutting in which the feed is less than the depth 
of cut. 
                                    
               Fig. 2. Cutting test set.                                                                                             Fig. 3. Dimension of specimen.  
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3. Materials and experimental procedure 
3.1. Chemical composition and Mechanical properties of tested materials 
Tables 1 and 2 show the chemical compositions and the mechanical properties of the tested materials. The choice 
of such materials is based on their importance in the field of mechanical production. 
Table 1. Chemical composition of tested Materials. 
Materials σet (MPa) σet (MPa) E (MPa) A(%) ρ (g/cm3) C (J/g°C) Kcal/(cm/°C.S) Nature 
6060 Aluminum 220 170 69000 14 2.7 0.878 0.15 bar 
2024 Aluminum 460 320 73000 18 2.77 0.852 0.08 plate 
35 NCD 16 Steel mini 
                            maxi 
TAl6V4 Titanium 
1080 
1370 
980 
930 
 
930 
200000 
 
114000 
11 
 
10 
7.8 
 
4.42 
0.45 
 
0.528 
0.013 
 
0.054 
bar 
plate 
Table 2. Mechanical properties of tested Materials. 
Materials Cu Mg Si Fe Mn Zn Cr Ti Al 
6060 Aluminum Mini 
                            Maxi 
 
0.10 
0.35 
0.60 
0.30 
0.60 
0.10 
0.30 
 
0.10 
 
0.15 
 
0.05 
 
0.10 
Balance 
2024 Aluminum Mini 
                            Maxi 
Materials 
4.80 
4.90 
C 
1.20 
1.80 
Ni 
 
0.50 
Cr 
 
0.50 
Mo 
0.30 
0.90 
Mn 
 
0.25 
Si 
 
0.10 
♯ 
 
0.15 
♯ 
Balance 
 
Balance 
35 NCD 16 Steel 
 
TAl6V4 Titanium 
0.36 
C 
0.08 
4.00 
N 
0.07 
1.80 
H 
0.0125 
0.40 
O 
0.20 
0.40 
Fe 
0.25 
0.20 
Al 
6.00 
♯ 
V 
4.00 
♯ 
♯ 
♯ 
Fe 
Ti 
Balance 
3.2. Experimental procedure 
In a first step, we performed dynamic compression tests to determine the influence of the strain rateߝሶ on the 
mechanical properties (σrt and σet) of the tested materials and observe if there is appearance of instability such as the 
adiabatic shear bands. 
We subsequently performed cutting tests at a constant depth of cut ap = 6mm, the feed varies between 0.3 and 1.2 
mm. 
The cutting speed ranges from 5 to 30 m / s. 
Three compositions of carbide were chosen for insert: P25 (IC50M), P40 (IC54), K10 (IC20) of SODIFOM brand. 
The insert geometry is: Rake angle γ = + 5 ° and + 15 °, Clearance angle α = + 6°, Cutting edge angle Kr = 90°. 
The length sample is L = 20mm. It is a sufficient length to form a representative chip. 
At high cutting speeds, the tool is stopped by an elastomer damper. 
The length of the projectile is set at 1000 mm to ensure a constant cutting speed during chip formation. 
For each test, we obtained the graphs of the cutting force versus displacement, the cutting force versus time and the 
cutting force versus speed. A minimum of three tests is performed for each of the selected test conditions. 
Some samples were taken for each series of performed tests for microstructural observations after coating, polishing 
and chemical attack. 
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4. Results and discussions 
4.1. Mechanism of chip formation 
Microstructural observations on the chips obtained at different cutting speeds show that the chip formation 
mechanism is not unique. Indeed, the chips have at least two different morphologies (continuous and segmented); 
this morphology seems to depend on the properties of the material and the cutting speed. TA6V4 titanium alloy, has 
a segmented chip Fig. 4 for all cutting speeds; results obtained in several studies [1] to [6]. It is widely known to be 
the suitable material. The chip is made of slightly deformed segments separated by thin white band and strongly 
deformed Fig. 5. As to the 6060 Aluminum, it has a continuous chip for the cutting speed range. The other two 
materials (Aluminum 2024 and 35NCD 16 steel) have the morphology of the chip evolving from continuous to 
segmented then to completely sheared. 
However, the speed at which appears the change of morphology are different for the two materials (840 and 1320 
m.mn-1 for 35NCD16 steel Fig. 6 a, b and c; 648 and 960 m.mn-1 for 2024 Aluminum alloy Fig. 7, b and c. This 
difference in the morphology of the chip is intimately linked to the cutting speed and the thermal properties of the 
material. In fact, when the cutting speed or in other words when the strain rate increases, the plastic deformation 
energy is transformed into heat. There, then follows a thermal softening phenomenon which comes into competition 
with the hardening of the material. The latter is due to the hardening of the material caused by the high shear. In the 
case of TA6V4 titanium alloy for example, the thermal conductivity is low particularly at high temperatures. Thus, 
thermal energy becomes important and increasingly difficult to dissipate by the material. The effect of the thermal 
softening outweighs that of hardening and lowers the mechanical properties of the alloy. This deterioration of the 
material properties continue to create localized areas characterized by intense plastic deformation without the 
possibility of exchanging heat with the rest of the material (adiabatic). We then observe the appearance of adiabatic 
shear bands which cause chip segmentation Fig. 4 and 5. This chip segmentation is one of the main causes of the 
decrease in the cutting force when the cutting speed increases. It also allows fast chip evacuation in automated 
production. 
 
      
Fig. 4. Classical Indented chip TA6V4, Vc = 868 m/min f=0.3 mm,                Fig. 5. Adiabatic Shear band between two elements of chip 
ap=6 mm, γ= -5°.                                                                                                TA6V4 Titanium. 
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 Fig. 6. Morphology of chip obtained on 35NCD16 Steel, tool P40, γ =+5°, α =+6°, f=0.3 mm, ap=6mm.     
 
Fig. 7. Morphology of chip obtained on 2024 Aluminum, tool K10. Ap= 6mm, f=0.4mm, γ=+15°, α=+6°.   
4.2. Effect of cutting speed and rake angle on main cutting force 
Increased cutting speed leads to a reduction of the main cutting force for all tested materials Fig. 8-9. This 
decrease is of course dependent on the thermal properties of the material and its hardness. In these cases, the thermal 
softening prevails generally in the hardening and lowers the mechanical characteristics of the material and therefore 
the cutting force decreases. The second factor that participates probably is the decrease of the coefficient of friction 
at the chip tool interface. The reduction in the cutting force is more or less important depending on the hardness and 
thermal conductivity of the tested material. We can also notice that it is more important for some great feed for all 
tested material. These results are also obtained in other studies [4] [5] [6] [7]. 
 
     
Fig. 8. Effect of cutting speed and feed on cutting force for 2024 T4          Fig. 9. Effect of cutting speed and feed on cutting force for6060 T4 
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Aluminum alloy.                                                                                           Aluminum alloy. 
         
Fig. 10. Effect of cutting speed and feed and Rake angle on cutting        Fig. 11. Effect of cutting speed and feed and Rake angle on cutting  
force For 6060 T4 Aluminum alloy.                                                 force for 2024 T4 Aluminum alloy.  
 
 
Test carried out with change in the value of rake angle from +5° to +15° for different cutting speed and feed lead to 
a decrease in the main cutting force for the two materials 6060 and 2024 Aluminum Fig. 10-11. This change may be 
attributed in decreasing of tool/chip contact area and friction force, chip flows must be easier. The same result is 
obtained in other investigations in the case of conventional cutting (cutting speed up to 180 m.mn-1) [8] [9]. 
5. Conclusion 
Our first contribution to this area of high speed machining is the development of a cost effective methodology 
with regards to the tools used and the manufacturing of the samples. After many microstructural analysis on chips 
obtained at different test conditions, we can say that the formation mechanism of high-speed chip is different from 
that observed with conventional speeds. Adiabatic shear instabilities due to the high speed deformation appear as 
white stripes of small thicknesses which leads to the formation of a sheared chip. 
The appearance of these white bands called also adiabatic shear band depends on the cutting speed and the thermal 
properties of the material. The titanium alloy with the lowest thermal conductivity coefficient gives a sheared chip 
for all speeds unlike the 6060 Aluminum alloy which brings up a continuous chip.  
The other two alloys (2024 and 35NCD16) show a change in the morphology of the chip, from continuous to 
completely sheared. Increased cutting speed causes a significant drop in the main cutting force for all materials 
tested. This decrease is more pronounced for large feed. This result alone justifies the interest in this type of study 
since it allows to reduce very significantly the production costs as well as the investment in high-speed machining’s. 
In aircraft construction for example, increasing the cutting speed have an impact on production cost of some 
aluminum integral structures and titanium parts. Besides the fact that the machining time is reduced drastically, 
cutting forces are also reduced, leading to less powerful machine tools and the possibility of machining aircraft parts 
with thin wall. However, tool wear is certainly more important and price of machine tools that achieve these speeds 
is even more important. There will therefore be advantageous to continue studies for a better control of this field of 
research. 
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